The morphology of heterogeneous catalysts can impact their performance by controlling the efficiency of heat and mass transfer. However, standard manufacturing methods such as extrusion or pelleting offer little options for optimizing catalyst shape. Herein, stereolithographic (SLA) 3D printing is used to directly produce catalysts with controlled morphologies to enhance their performance. A series of chemically active magnetic stir-bar compartments (SBC) were 3D printed and used as catalysts for sucrose hydrolysis. The SBCs were composed of acrylic acid (AA) and 1,6-hexanediol diacrylate (HDDA) which provided acid sites and hydrophobic crosslinking domains, respectively. Fixing the surface area and the number of accessible catalytic sites of the 3D printed SBC allowed exploring the effect of changes in morphology on the fluid dynamics of the reaction systems, and consequently on the efficiency of the catalytic hydrolysis. Moreover, varying the AA:HDDA ratios in SBC allowed tuning the surface-substrate interaction to control their catalytic activity for the hydrolysis of sucrose. This work demonstrates that 3D printing catalytic materials enable optimizing catalyst performance by simultaneously controlling macroscopic and molecular properties.
Introduction
The macroscopic structure of solid catalysts can affect the efficiency of heat and mass transfer in chemical conversions. [1] [2] [3] [4] [5] Solid catalysts are typically manufactured by pelleting or extruding composites of pre-catalysts, promoters and binders. [6] [7] [8] [9] [10] Although these methods can yield different catalyst shapes like grids, beads, rods or foams, these topologies are not necessarily optimal for all types of reactor and process. [11] [12] [13] [14] [15] [16] Unfortunately, standard manufacturing methods can hardly go beyond these very simple shapes. [9] This limitation hinders the development and adoption of structures that could further enhance catalyst performance by influencing reactant flow dynamics.
3D printing is a manufacturing technique that uses digital designs to assemble materials layer by layer. This technology has been recently applied to the production of biomaterials, [17] [18] [19] [20] electrochemical devices, [21, 22] microfluidic devices, [23] [24] [25] [26] [27] ceramics, [28] [29] [30] [31] [32] [33] [34] [35] and catalysts. [28, 29, 36, 37] In catalytic applications, active sites can be integrated into the architectures either during or after 3D printing. While the direct printing approach may be desirable for its simplicity, it often requires post-printing treatments such as etching to expose buried sites or sintering to improve mechanical resistance. However, these additional steps usually alter the structure of the surface, defeating in part the purpose of 3D printing and complicating the overall process.
We have recently introduced a method to directly 3D print active catalysts that does not require severe post-printing treatments. [36] The approach is based on stereolithography (SLA) of substituted olefins. This method enables the direct manufacturing of bespoke devices (e.g. millifluidic reactors, UV-Vis reactive adaptors) with customizable catalytic properties (e.g. acidic, basic, metallic). Herein we applied this method to 3D print a set of structures with acidic active sites and explored the effects of topology, surface area, and chemical composition on their catalytic performance for the hydrolysis of sucrose. The 3D design consisted of a magnetic stir-bar compartment (SBC) attached to rotors with curved blades (Figure 1 ). We devised the materials to expose hydrophobic domains and acid catalytic sites by using 1,6-hexanediol diacrylate (HDDA) and acrylic acid (AA) as cross-linker and monomer respectively. The SBC were then used to investigate the effects of molecular composition on the catalytic performance of the SBC. Potassium ferricyanide was purchased from EM Science (Darmstadt, Germany). All reagents were used without any further purification.
Experimental Section

Catalytic resin:
Acrylic acid (7 mL, 102 mmol) was mixed with PEGDA (3 mL, 5.8 mmol) in an Amber flask. Then, BAPO (0.100 g, 0.24 mmol) was added to the resin and the mixture was sonicated for 1 min. The solution was poured into the resin tank of a FormLabs Form 1+ TM 3D printer (Somerville, MA, USA) and used for printing. The settings used were: laser power: 62 mW, first layer passes: 10, other layer passes: 4, and early layer passes: 5.
2.3.
Water tolerant catalytic resin: Acrylic acid ( 
2.6.
Solvent compatibility assays: 3D printed impellers were immersed in 5 mL of water inside a closed 20 mL vial. The vial was set in a heated aluminum block and stirred at 500 rpm for 24 h at 65 °C. Then, the 3D printed impellers were visually examined, and the supernatants were tested for residues of polymer by ESI-MS on an Agilent QTOF 6540.
Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) Spectroscopy:
Measurements were made on a Bruker Vertex 80 FT-IR spectrometer with OPUS software.
The spectrometer was equipped with a diamond sealed high pressure clamp ATR MIRacle PIKE accessory where the 3D-printed samples were pressed against the crystal to collect the respective spectrum. 32 scans were collected for each measurement in absorbance mode with 4 cm -1 resolution.
2.7.
Sucrose hydrolysis reaction: Sucrose (130 mg, 0.38 mmol) was dissolved in 1 mL of water. Then, a 3D printed impeller was added to the mixture. The solution was placed in an aluminum block and stirred at 500 rpm at 65 °C for 3 h. An aliquot of the reaction mixture (10 µL) was added to 1 mL of water, and the dilution was analyzed on a Waters ACQUITY H- 
Results and discussion
Our first generation of photo-curable resin used acrylic acid (AA) as monomer and source of acidic sites, and poly(ethylene glycol) diacrylate (PEGDA) as crosslinker. [36] However, the 3D printed materials prepared from this resin could only be used in organic solvents because they degraded when vigorously shaken in water due to the highly hydrophilic nature of PEGDA. To overcome this limitation, we developed a second generation photo-curable resin using the more hydrophobic 1,6-hexanediol diacrylate (HDDA) as crosslinker. [38] Immersion of the HDDA crosslinked SBC in water and stirring at 500 rpm and 65 °C for 24 h gave no appreciable degradation of the material (Figure S1a and   b) . ESI-MS analysis of the supernatant did not show any monomer or oligomer peaks ( Figure   S2a ). In contrast, the objects 3D printed using PEGDA as crosslinker were severely damaged upon stirring in water under the same conditions (Figure S1c and d) . ESI-MS spectrum of the supernatant showed characteristic oligomer peaks with m/z 44.02 assigned to the ethyleneoxy repeating units of PEGDA, confirming degradation of the 3D printed object (Figure S2b) .
The active site accessibility of the HDDA-crosslinked structures was evidenced by immersion in aqueous copper (II) nitrate. [36] A cross section of the reacted solid revealed formation of a copper-containing layer ca. 50 µm deep (Figure S3) , indicating the non-porous nature of the 3D printed material. [36] To evaluate the effects of macrostructure and surface on catalytic performance we used the AA/HDDA resin to 3D print a set of SBC with varying number of blades (2, 4 and 6) of the same size and curvature. The structures were designated as SBC-X where X represents the number of blades (Figure 1) . Considering the final architecture is non-porous, the number of active sites cannot be estimated based solely on resin composition and mass. Thus, the amount of accessible catalytic sites in the 3D printed SBC were estimated by immersing them in water, measuring the pH and applying the pKa of poly(acrylic acid) to the equilibrium expression (Equation S1). [36] The amounts of active sites were proportional to the calculated surface areas of the SBC (Table S1 ). This result suggested a homogeneous dispersion of active sites in the 3D printed objects regardless of their shape. To study the effects of macroscopic morphology on reactivity we used the SBC as catalysts for the acid hydrolysis of sucrose to D-glucose and D-fructose. This reaction is commonly used as a model of polysaccharide deconstruction and proceeds through initial protonation of the glycosidic oxygen followed by slow decomposition of the intermediate (Scheme 1). [39, 40] Surprisingly, in spite of the differences in the amount of sites sucrose conversion was very similar using SBC-2 and SBC-6, but slightly lower using SBC-4 as catalyst (Figure S4) . than the corresponding SBC-X (Figure 2 and Table S1 ). This result confirmed that macroscale topology plays an important role on catalyst performance. Importantly, executing the catalytic reaction at different stir rates (100, 500 and 1000 rpm) did not give significant variations in conversion, indicating that the observed behavior was not due to mass transfer limitations (Figure S5) . Scheme 1. Acid catalyzed hydrolysis of sucrose. (Figure 3, S8 and S9) . The simulations indicated that the percent of non-zero pressure areas on the SBC surface decreases with increasing number of blades, and is higher for SBC-X-R than for their corresponding SBC-X (Figure 3, S8, and   S9 ). This behavior correlates with the observed differences in catalytic performance ( Figure   S10 ), and may therefore be an indicator of the number of effective contacts between the reactants and the catalytic surface of SBC. Monosaccharides are a common feedstock in biorefinery and are typically produced by enzymatic hydrolysis of complex sugars. [41] [42] [43] [44] To break down polysaccharides, enzymes use hydrophobic domains that bind the substrates via van der Waals interactions. This binding assumes most of the entropic cost of activation and thereby facilitates glycosidic bond cleavage by weakly acidic active sites. [45] A similar type of synergy seems to occur in the activated-carbon catalyzed deconstruction of cellulose: the hydrophobic surface of the material enables even weakly acidic phenols to promote the hydrolysis. [46] [47] [48] [49] Based on this information, we decided to explore the effect of varying the amounts of hydrophobic HDDA crosslinker on the catalytic performance of 3D printed SBC for the hydrolysis of sucrose. To this end, we prepared a series of precursor resins with varying AA:HDDA ratios and printed a set of SBC-6-R. The materials were designated as SBC-6-R-n, where n corresponded to the volume percent of AA used in the original composition (5, 10, 20, 30, 40, 50, 60 and 70 %).
The 3D printed SBC-6-R-n did not show any obvious variations in texture, mechanical strength or print resolution (Figure S11) . ATR FTIR analysis of the SBC-6-R-n showed a red-shift in the carbonyl band with increasing AA:HDDA mole ratios, consistent with an increase of carboxylic acid moieties on the surface of the 3D printed objects (Figure S12) .
The C=O band was deconvoluted into two peaks centered at 1700 and 1730 cm -1 characteristic of hydrogen bonded carboxylic acids in polyacrylic acid, and ester carbonyls of HDDA, respectively ( Figure S13 and Table S2 ).[50, 51] The peak areas correlated well with the mole ratios of the precursors in the resins, and provided a measure of the proportion of hydrophobic domains relative to the acidic sites in the SBC-6-R-n. The hydrophobicity of the materials was examined by immersing them in a Nile Red solution. The fluorescence of Nile Red increases with decreasing polarity of its environment. [52, 53] Fluorescence microscopy analysis confirmed the homogenous distribution of the hydrophobic groups adsorbed on the surface of the SBC-6-R-n ( Figure S14) . Furthermore, the intensity of the fluorescence emission decreased with increasing proportion of AA in the 3D printed polymers ( Figure   S15 ).
The SBC-6-R-n were then evaluated as catalysts for the hydrolysis of sucrose. As expected, sucrose conversion increased with the amount of accessible active sites in the SBC-6-R-n. Interestingly however, sucrose conversion displayed a sigmoidal-like dependence on the AA:HDDA ratios of the materials (Figure 4) , which may suggest cooperativity between the two components of the material. [54] [55] [56] [57] [58] The results indicated that increasing the density of acidic sites (AA) led to large enhancements in conversion only when the ratio between active sites to hydrophobic domains (AA:HDDA) was between 1.6 and 3 (slope of this segment in 
Conclusions
In summary, this work demonstrated the simultaneous control of physical, topological and chemical properties of 3D printed materials. First, the nature of cross-linkers determines solvent compatibility of the 3D printed materials: while hydrophilic poly(ethyleneglycol)based crosslinkers degraded in presence of water, hydrophobic HDDA cross-linkers gave water-tolerant architectures. Second, the topology of the 3D printed SBC controlled the flow dynamics of the reaction systems and led to variations in their catalytic efficiencies for sucrose hydrolysis. These variations were attributed to differences in the effective contact areas between the reactants and the catalytic surfaces. The results prove that small yet precise changes in the shape of the 3D printed objects, easily accessible with our methodology, can have dramatic effects on catalyst performance. Finally, our 3D printing method also allowed controlling the molecular composition of the catalytic architectures to tune and favor interactions between active sites and hydrophobic domains. Importantly, this new approach for 3D printing active materials offers control of catalytic properties all the way from the 
